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E-mail address: kajal_iari@yahoo.com (K. ChakrabFree-radical-scavenging activities of various solvent extracts of Ulva fasciata, a chlorophytan marine mac-
roalga with signiﬁcance as a food ingredient, from the southwestern coast of the Indian peninsula, were
evaluated using in vitro tests, including 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulfonate) (ABTS) scavenging assays. Ethyl acetate (EtOAc) extract of Ulva fasciata dis-
played markedly stronger DPPH (89.8 ± 4.2%) and ABTS+ scavenging (82.6 ± 3.7%) activities at 0.1 mg/ml
than dichloromethane and n-hexane extracts. Radical scavenging assay-guided chromatographic separa-
tion of the EtOAc extract, using a step gradient of petroleum ether/EtOAc yielded ﬁve major sesquiterp-
enoids. After 8 min of incubation the ABTS+ scavenging activity of one of these sesquiterpenoids was
higher (71.4 ± 1.5%) than that of Trolox (44.1 ± 1.5%), and therefore may have potential as a natural anti-
oxidant in the food industry.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Ulva fasciata Delile is a chlorophytan marine macroalga, which
grows abundantly in the coastal waters of South India. Marine
macroalgae have been identiﬁed in both inter-tidal and deep water
regions, and proven to be rich sources of structurally diverse bioac-
tive compounds with valuable biomedical potential (Satoru, No-
boru, Hiroo, Shinji, & Hiroshi, 2003). Marine green algae viz., Ulva
sp., are an important food source in many south-east Asian coun-
tries (Rouxel et al., 2001). Ulva fasciata and Ulva lactuca are used
in soups and salads, and have been reported to possess antioxidant
and antibacterial properties (Beach, Smith, Michael, & Shin, 1995;
Rouxel et al., 2001). Ulva spp. are very high in Fe, protein, essential
amino acids, I2, Mn, Se, Ni, and vitamins; they exhibit anti-peroxi-
dative and anti-hyperlipidaemic properties (Sathivel, Raghaven-
dran, Srinivasan, & Devaki, 2008).
Recently, much research attention has been focused on the
free-radical-scavenging activity of metabolites from marine mac-
roalgae. It is well known that reactive oxygen species are a pre-
dominant cause of qualitative decay of food and feed leading to
rancidity, toxicity, and destruction of lipid biomolecules important
in metabolism (Kim et al., 1998). However the absence of photody-
namic damage in the structural components of macroalgae despite
being exposed to intense light and high oxygen concentrations im-
plies that their cells possess antioxidative defence mechanismsll rights reserved.
: +91 484 2394909.
orty).(Dykens, Shick, Benoit, Buettner, & Winston, 1992; Matsukawa
et al., 1997; Ramarathnam, Osawa, Ochi, & Kawakishi, 1995).
Among macroalgal natural antioxidants, terpenoids, phlorotannins,
polyphenols, phenolic acids, anthocyanins, hydroxycinnamic acid
derivatives, and ﬂavonoids are important (Bandoniene & Murkovic,
2002). Antioxidant effect was observed with a sulfoglycolipid frac-
tion isolated from Porphyridum creuntum (Berge, Debiton, Dumay,
Durand, & Barthomeuf, 2002). Extracts from several macroalgae
harvested in Spain (Jiménez-Escrig, Jiménez-Jiménez, Pulido, &
Saura-Calixto, 2001), Korea (Han, Lee, & Sung, 1999), China (Yan,
Nagata, & Fan, 1998) and Japan (Yan, Chuda, Suzuki, & Nagata,
1999) have demonstrated antioxidant activity in vitro. The extracts
of macroalga Taonia atomaria exhibited high radical-scavenging
activity due to the compounds stypodiol and stypoldione (Mayer
& Lehmann, 2000). Sargaquinoic acid from brown macroalga Sar-
gassum macrocarpum has been found to possess antioxidant activ-
ity (Tsang & Kamei, 2004), and therefore may be a potential food
supplement.
Currently, reactive oxygen species and lipid oxidation in food
industry are being controlled or minimised by the addition of syn-
thetic antioxidants (Gray, Gomaa, & Buckley, 1996). However, with
safety concerns about synthetic antioxidants (Wichi et al., 1998),
considerable interest has arisen in ﬁnding alternative sources of
antioxidants for use in food systems. In this paper, we report the
solvent extraction, radical scavenging assay-guided chromato-
graphic puriﬁcation, and structural elucidation of ﬁve sesquiterpe-
noids from Ulva fasciata Delile, and elucidate the antioxidant
potential of the puriﬁed compounds by in vitro reactive oxygen
species scavenging assays.
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2.1. Chemicals and instrumentation
Fourier-transform infrared (FTIR) spectra of KBr pellets were re-
corded using a Perkin–Elmer Series 2000 FTIR spectrophotometer
scanning between 4000 and 400 cm1. 1H and 13C NMR spectra
were recorded on a Bruker Avance DPX 300 (300 MHz) spectrom-
eter in CDCl3 or DMSO-d6 as aprotic solvent at ambient tempera-
ture with TMS as the internal standard. Standard pulse sequences
were used for DEPT, 1H–1H–COSY, two-dimensional NOESY, HMQC,
and HMBC experiments. The GC analyses were accomplished on a
Perkin-Elmer gas chromatograph equipped with an Elite 5 capillary
column (30 m  0.53 mm i.d.) using a ﬂame ionisation detector
(FID) equipped with a split/splitless injector, which was used in
the split (1:15) mode. The oven temperature ramp program was:
60 C for 10 min, rising at 5 C/min to 220 C; injector and detector
temperatures 250 C; carrier gas N2 (ultra high purity >99.99%,
3 ml/min). The injection volume was 1 ll. The GC–MS analyses
were performed in electronic impact ionisation mode using a Var-
ian GC (CP-3800) interfaced with a Varian 1200L single quadrupole
mass spectrometer. The GC was equipped with a DB-5 column
(30 m  0.25 mm i.d.; Agilent, Santa Clara, CA). The carrier gas
was ultra high purity He. The injector and detector temperatures
were maintained at 300 C. Samples (1 ll) were injected in split
(1:15) mode, and the oven programme was identical to that of
the GC-FID analysis. Ion source and transfer line were kept at
300 C. All compounds were of analytical, spectroscopic or
chromatographic reagent grade and were obtained from Merck
(Darmstadt, Germany). All reagents and chemical solvents used
for products isolation were of analytical grade or higher.2.2. Algal material and preparation of crude extracts
The samples of Ulva fasciata Delile were harvested in winter
from an exposed inter-tidal rocky shore in Vizhinjam (south-wes-
tern India), where it formed dense patches. The fresh samples were
washed with sea water followed by fresh water to remove salts,
epiphytes, microorganisms and other suspended materials, and
stored at 20 C. Partially air-dried thalli of U. fasciata (1600 g)
were coarsely powdered, and extracted with methanol (5 l, 95%,
v/v) under shaking on a rotary shaker table at 50 C for 1 week.
The methanolic extract was ﬁltered and concentrated in vacuo
(40–50 C), to furnish a dark green coloured residue (100 ml),
which was fractionated with ethyl acetate (EtOAc). The EtOAc ex-
tract after solvent evaporation afforded a brown viscous oily resi-
due (12.6 g, yield 0.79%, with respect to fresh seaweed weight).2.3. Chromatographic puriﬁcation of sesquiterpenoids from U. fasciata
An aliquot of the EtOAc extract (4.0 g) was slurried in silica gel
(8 g, 60–120 mesh), and loaded into a glass column (90 cm  4 cm)
packed with silica gel (230–400 mesh, 40 g) as adsorbent. The col-
umn was initially eluted with petroleum ether (60–80 C), to re-
move the waxy material. The eluent polarity was gradually
increased by addition of EtOAc (petroleum ether/EtOAc: 19:1,
9:1, 13:3, 4:1, 7:3, 3:2, and 1:1, v/v) to furnish 600 fractions of
30 ml each, which were reduced to 12 groups (F1–F12) after TLC
analysis (petroleum ether:EtOAc, 17:3, v/v). Fraction 3 (F3) ob-
tained by eluting with petroleum ether:EtOAc (13:3, v/v) was
found to be a mixture, which was ﬂash chromatographed on a sil-
ica gel column (Biotage, 230–400 mesh, 12 g; Biotage AB, Uppsala,
Sweden) using a step gradient of CHCl3:MeOH to afford 250 frac-
tions. Based on analytical TLC, the fractions with similar patterns
were pooled together. Compound 5 (22.3 mg, yield 0.56%, withrespect to crude EtOAc extract) was eluted with CHCl3:MeOH
(95:5, v/v), whereas 2 (18.6 mg, yield 0.47%) was collected as pure
compound after eluting with CHCl3:MeOH (97:3, v/v). Fraction 4
(F4) on chromatography over silica gel (230–400 mesh, 20 g) using
Me2O:CHCl3 (4:1, v/v) afforded 3 (8.9 mg, yield 0.22%). Fraction F5
was eluted with petroleum ether:EtOAc (7:3, v/v) and rechromato-
graphed using the isocratic solvent system CHCl3:EtOAc (4:1,
v/v) on an argentated neutral alumina column (AgNO3 0.06–
0.2 mm, 50 g; EtOH 95% v/v, 150 ml) to afford a mixture containing
two components. Preparatory TLC of the mixture on silica gel GF254
using n-hexane:EtOAc (4:1, v/v) afforded 1 (15.4 mg, yield 0.39%)
as major component. Fraction F1, eluted with petroleum ether:E-
tOAc (19:1, v/v), was rechromatographed using an argentated neu-
tral alumina column (1.5  30 cm), using the isocratic solvent
system n-hexane:CHCl3 (95:1, v/v) to afford 4 (12.5 mg, yield
0.31%).2.4. Physicochemical data of the puriﬁed compounds
2.4.1. 2,5,5-Trimethyl-4-(40-methyl-30-pentenyl)-2-cyclohexen-1-ol
(1)
Yellowish oil; yield (% dw basis of alga) 1.4  103; TLC Rf: 0.42
(n-hexane:EtOAc 4:1, v/v); GC retention time: 10.25 min.; elemen-
tal analysis found: C, 81.12; H, 11.83; O, 7.21 (C15H26O requires C,
81.02; H, 11.79; O, 7.20); UV (CH3OH), kmax 228 nm; IR mmax (KBr):
3040 (–OH str.), 2962 (methyl–CH str.), 1461, 1035, 820 cm1 (ole-
ﬁnic moiety); 1H (CDCl3, 300 MHz, d ppm) and 13C NMR (CDCl3, d
ppm) data, see Table 1A; EIMS m/z (rel. int.%) 222 [M+] (7), 206
(10), 194 (15), 191 (42), 178 (52), 138 (71), 126 (82), 112 (100),
70 (72), 52 (23), 24 (12); HRMS (ESI): calcd. for C15H26O
222.3653, found 222.3672.2.4.2. 4-Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (2)
Yellow oil; yield (% dw basis of alga) 1.7  103; TLC Rf: 0.53
(n-hexane:EtOAc 4:1, v/v); GC retention time: 8.20 min.; elemental
analysis found: C, 80.35; H, 12.69; O, 7.15 (C15H28O requires C,
80.29; H, 12.58; O, 7.13); UV (CH3OH), kmax 230 nm; IR mmax (KBr,
cm1): 3360 (–OH), 1259 (C–O), 2775 (methyl CH str.); 1H (CDCl3,
300 MHz, d ppm) and 13C NMR (CDCl3, d ppm) data, see Table 1A;
EIMSm/z (rel. int.%) 224 [M+] (18), 208 (21), 180 (32), 150 (86), 112
(100), 138 (63), 72 (69), 56 (92); HRMS (ESI): calcd. for C15H28O
224.3811, found 224.3845.2.4.3. 4-Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (3)
Colourless oil; yield (% dw basis of alga) 0.8  103; TLC Rf: 0.40
(n-hexane:EtOAc 4:1, v/v); GC retention time: 12.15 min.; elemen-
tal analysis found: C, 80.33; H, 12.67; O, 7.15 (C15H28O requires C,
80.29; H, 12.58; O, 7.13); UV (CH3OH), kmax 228 nm; IR mmax (KBr):
3500 (–OH), 1270 (C–O cyclohexanone); 1H (CDCl3, 300 MHz, d
ppm) and 13C NMR (CDCl3, d ppm) data, see Table 1A; EIMS m/z
(rel. int.%) 224 [M+] (15), 209 (20), 181 (26), 151 (66), 138 (28),
112 (100), 72 (88), 56 (49), 50 (12), 24 (8); HRMS (ESI): calcd. for
C15H28O 224.3811, found 224.3836.2.4.4. 6-Isopentyl-1,5,5,6-tetramethyl-1-cyclohexene (4)
Pale yellow oil; yield (% dw basis of alga) 1.1  103; TLC
Rf: 0.63 (n-hexane:EtOAc 4:1, v/v); GC retention time: 7.25 min.;
elemental analysis found: C, 86.53; H, 13.69 (C15H28 requires C,
86.46; H, 13.54); UV (CH3OH), kmax 219 nm; IR mmax (KBr): 3341,
1720, 1710, 1452, 1369, 993, 885 cm1; 1H (CDCl3, 300 MHz, d
ppm) and 13C NMR (CDCl3, d ppm) data, see Table 1B; EIMS m/z
(rel. int.%) 208 [M+] (21), 210 (18), 182 (14), 150 (62), 139 (81),
112 (100), 73 (53), 56 (79); HRMS (ESI): calcd. for C15H28
206.3659, found 206.3682.
Table 1A
NMR spectroscopic data of 1–3 in CDCl3.a.
C. No.
HO 2 3
4
5
6
1
1''
2'' 3''
4 ''
1'
2'
3'
4'
5'
1
2
3
4
5
6
1HO 1''
2''
3'' 4 ''
1'
2'
3'
4'
5 ''2
2
3
4
5
6
1HO 1''
2''
3'' 4 ''
1'
2'
3'
3
4'
5 ''
d13C NMR (DEPT) H d 1H NMR (int., mult., J in Hz)b d13C NMR (DEPT) H d 1H NMR (int., mult., J in Hz)b d13C NMR (DEPT) H d 1H NMR (int., mult., J in Hz) b
C-1 70.2 (CH) 1a-OH 2.30 (bs) 68.4 (CH) 1a-OH 4.21 (bs) 64.1 (CH) 1a 3.92 (dd, J = 7.0 Hz)
– 1b 3.89 (t, J = 6.8 Hz) – 1b 3.89 (dd, J = 7.5 Hz) – 1b-OH 4.08 (bs)
C-2 132.4 (C) – – 123.8 (CH) 2H 5.31 (d, J = 6.0 Hz) 123.6 (CH) 2H 4.92 (d, J = 6.0 Hz)
C-3 126.1 (CH) 3H 5.33 (d, J = 5.9 Hz) 140.2 (C) – – 140.7 (C) – –
C-4 43.5 (CH) 4b 1.82 (t, J = 5.8, 6.8 Hz) 52.9 (C) – – 51.3 (C) – –
C-5 30.9 (C) – – 57.1 (C) – – 56.5 (C) – –
C-6 44.8 (CH2) 6a 1.53 (m) 44.3 (CH2) 6a 1.52 (d, J = 5.0 Hz) 43.7 (CH2) 6a 1.50 (d, J = 5.0 Hz)
– – 6b 1.76 (d, J = 6.8 Hz) – 6b 1.73 (t, J = 7.5 Hz) – 6b 1.52 (d, J = 7.5 Hz)
C-10 29.3 (CH2) 10a 1.21 (t, J = 6.0 Hz) 28.2 (CH2) 10a 0.94 (t, J = 6.0 Hz) 29.6 (CH2) 10a 0.98 (t, J = 6.0 Hz)
– – 10b 1.33 (dd, J = 6.5, 7.5 Hz) – 10b 1.14 (d, J = 7.0 Hz) – 10b 1.12 (m)
C-20 24.2 (CH2) 20H 1.86 (m) 35.6 (CH2) 20H 1.18 (m) 33.1 (CH2) 20H 1.16 (dd, J = 6.0, 7.0 Hz)
C-30 124.7 (CH) 30H 4.96 (t, J = 7.0 Hz) 30.5 (CH) 30H 1.41 (h, J = 1.6 Hz) 31.5 (CH) 30H 1.36 (h, J = 6.0 Hz)
C-40 130.7 (C) – – 23.1 (CH3) H3-40 1.03 (d, J = 5.0 Hz) 23.2 (CH3) H3-40 1.05 (m)
C-50 25.3 (CH3) H3-50 1.62 (s) – – – – – –
C-60 – – – – – – – – –
C-100 16.7 (CH3) H3-100 1.65 (s) 15.6 (CH3) H3-100 1.80 (s) 17.4 (CH3) H3-100 1.76 (s)
C-200 26.4 (CH3) H3-200 1.05 (s) 25.2 (CH3) H3-200 1.08 (s) 25.1 (CH3) H3-200 0.81 (s)
C-300 27.9 (CH3) H3-300 1.09 (s) 21.9 (CH3) H3-300 0.86 (s) 21.3 (CH3) H3-300 0.91 (s)
C-400 18.7 (CH3) H3-400 1.59 (s) 22.5 (CH3) H3-400 0.98 (s) 22.9 (CH3) H3-400 1.01 (s)
C-500 – – – 23.1 (CH3) H3-500 1.03 (d, J = 5.0 Hz) 23.2 (CH3) H3-500 1.05 (m)
C. No. signiﬁes carbon atom number.
a NMR spectra recorded using Bruker DPX 300 and AVANCE 300 MHz spectrometers.
b Values in ppm, multiplicity and coupling constants (J = Hz) are indicated in parentheses. Assignment were made with the aid of the 1H–1H–COSY, HMQC, and HMBC experiments.
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Table 1B
NMR spectroscopic data of 4–5 in CDCl3a
C. No. 2
3
456
1 1''
2''
3'' 4 ''
4 
1'
2'
3'
4'
5 ''
2
3
4
5
6
1
O
1''
2''
3'' 4 ''
1'
2'
3'
4'
O
5'
5
d13C NMRb (DEPT) H d 1H NMR (ppm) d13C NMRb (DEPT) H d 1H NMR (ppm)
C-1 23.1 (CH2) 1a 1.86 (m) 196.2 (C@O) – –
1b 2.05 (m)
C-2 122.8 (CH) 2H 5.16 (t, J = 5.6 Hz) 120.6 (CH) 2H 5.69 (s)
C-3 141.2 (C) – – 152.4 (C) – –
– – – – – –
C-4 48.1 (C) – – 53.2 (C) – –
– – – – – –
C-5 54.2 (C) – – 56.2 (C) – –
C-6 35.8 (CH2) 6a 1.59 (t, J = 4.8 Hz) 48.7 (CH2) 6a 2.30 (d, J = 4.5 Hz)
– 6b 1.41 (d, J = 6.0 Hz) – 6b 2.48 (d, J = 6.5 Hz)
C-10 28.6 (CH2) 10a 0.87 (t, J = 6.0 Hz) 23.5 (CH2) 10a 1.20 (t, J = 6.5 Hz)
– 10b 0.98 (m) – 10b 1.36 (d, J = 4.8 Hz)
C-20 35.3 (CH2) 20H 1.07 (dd, J = 6.5, 7.5 Hz) 38.4 (CH2) 20H 2.12 (t, J = 1.5 Hz)
C-30 30.7 (CH) 30H 1.32 (h, J = 2.0 Hz) 209.8 (C@O) – –
C-40 22.7 (CH3) H3-40 0.93 (d, J = 4.6 Hz) 36.3 (CH2) 40H 2.42 (q, J = 7.0 Hz)
C-50 – – – 7.3 (CH3) H3-50 1.98 (t, J = 7.0 Hz)
C-10 0 21.7 (CH3) H3-100 1.71 (s) 18.3 (CH3) H3-100 1.79 (s)
C-200 25.4 (CH3) H3-200 0.81 (s) 25.7 (CH3) H3-200 1.88 (s)
C-300 22.3 (CH3) H3-300 1.02 (s) 20.8 (CH3) H3-300 1.12 (s)
C-400 23.7 (CH3) H3-400 1.14 (s) 22.1 (CH3) H3-400 1.18 (s)
C-500 22.7 (CH3) H3-500 0.93 (d, J = 4.6 Hz) – – –
The notations are as indicated under Table 1.
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Yellowish oil; Yield (% dw basis of alga) 2.0  103; TLC Rf: 0.33
(n-hexane:EtOAc 4:1, v/v); GC retention time: 11.18 min.; elemen-
tal analysis found: C, 76.30; H, 10.31; O, 13.56 (C15H24O2 requires
C, 76.23; H, 10.24; O, 13.54); UV (CH3OH), kmax 256, 315 nm; IR
mmax (KBr): 3550 (–OH), 1258 (C–O), 3300 (as. C@O str.), 1715
(C@O ester str.), 1675 (amide I band, C@O str.), 1660, 1630, 942
(oleﬁnic moiety); 1H (CDCl3, 300 MHz, d ppm) and 13C NMR (CDCl3,
d ppm) data, see Table 1B; EIMS m/z (rel. int.%) 236 [M+] (31); 168
(22), 140 (19), 112 (100), 100 (56); HRMS (ESI): calcd. for C15H24O2
236.3489, found 236.3509.2.5. Antioxidant assay using scavenging effect of crude solvent extracts
and puriﬁed compounds on 1,1-diphenyl-2-picryhydrazyl (DPPH.)
free-radicals
Free-radical-scavenging capacity of the solvent extracts of Ulva
fasciata and the puriﬁed compounds were tested by bleaching of
the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) using the method
proposed by Shimada, Fujikawa, Yahara, and Nakamura (1992).
Brieﬂy, the solvent extracts at different concentrations (3 ml, 10–
100 lg/ml) were added to the solution of DPPH (0.5 ml, 0.2 mM
in 95% EtOH); the mixture was shaken vigorously, and allowed to
stand at room temperature for 30 min. The absorbance was mea-
sured at 517 nm by using a UV–visible spectrophotometer (Varian
Cary UV-100). Lower absorbance of the reaction mixture indicated
higher free-radical-scavenging activity. Percentage inhibition was
calculated by the following formula:
DPPH radical scavenging effect ð%Þ ¼ ½ðA0  A1Þ=A0  100
where A0 was the absorbance of the control and A1 was the absor-
bance in the presence of the standard or solvent extracts.To assay the scavenging activities of the puriﬁed compounds,
ﬁve dilutions of both test and standard solutions in methanol were
prepared with the following ﬁnal concentrations of each sub-
stance: 10, 5, 2.5, 1.25 and 0.625 mM. Stock solutions of two
known antioxidants (BHT and gallic acid) were also prepared. Cin-
namic acid was used as a negative control. For the tests, methano-
lic solutions of standards and each puriﬁed compound at various
concentrations (50 ml, 0.625–10 mM) were added to test tubes
containing a fresh solution of DPPH (100 ml, 30 mM) in MeOH
(0.6 ml). MeOH (100 ml) in test tubes was used as a blank, and
100 mM solutions (100 ml) of DPPH as controls. The scavenging
activity on the DPPH radical was expressed as IC50, which is the
concentration of the test solution required to give a 50% reduction
in the absorbance from that of the control solution.2.6. 2,20-Azino-bis (3-ethylbenzthiazoline-6-sulfonate) (ABTS) radical
cation decolorisation assay
The ABTS assay was also employed to measure the antioxidant
activity of the crude solvent extracts and puriﬁed compounds
(Nenadis, Wang, Tsimidou, & Zhang, 2004; Ozgen, Reese, Tulio,
Scheerens, & Miller, 2006; Re et al., 1999). Brieﬂy, a stock solution
of ABTS radical cation was prepared by dissolving ABTS (7 mM,
5 ml in deionised water) with potassium persulfate (14.7 mM,
1 ml). The reaction mixture was left to stand at room temperature
overnight (16 h) in the dark. The intensely-coloured ABTS+ radical
cation was diluted with EtOH to an absorbance of about 0.70 at
734 nm. The decolorisation assay was started by mixing the di-
luted ABTS solution (2 ml) with different solvent extracts (20 ll,
20–100 lg/ml) and the test compounds (10–50 lM). Test com-
pounds were dissolved with dimethylsulfoxide (10% DMSO) be-
fore analyses. At 4 min after mixing, the absorbance was
measured at 734 nm. Controls without ABTS+ were used to allow
K. Chakraborty, R. Paulraj / Food Chemistry 122 (2010) 31–41 35for any absorbance of the extracts themselves. In a control exper-
iment, a test compound solution was replaced with DMSO (10%),
and the radical-scavenging activities of the crude extracts and
test compounds were expressed as a percentage inhibition based
on absorbance. Fresh stocks of ABTS+ solution were prepared
every ﬁve days due to self-degradation of the radical. Trolox,
the water-soluble a-tocopherol analogue served as a standard in
this study.
2.7. Statistical analysis
Results were analyzed using one-way analysis of variance (SPSS,
Version 10.0). A signiﬁcance level of 95% (p = 0.05) was used
throughout, and signiﬁcant differences among different treatments
were determined by post hoc measurements. All measurements
were performed in triplicate (n = 3), and the values were expressed
as means of three replicate determinations.3. Results and discussion
3.1. Free-radical-scavenging activities of the crude solvent extracts of
Ulva fasciata
The 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,20-azino-bis(3-
ethylbenzthiazoline-6-sulfonate) (ABTS+) radical-scavenging0
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Fig. 1. Free-radical-scavenging activities of different concentrations of solvent
extracts (10–100 lg/ml) on (A) DPPH and (B) ABTS+ radical.activities of the crude solvent extracts from Ulva fasciata Delile
are shown in Fig. 1. Fig. 1 illustrates a decrease in the concentration
of DPPH radical due to the scavenging ability of the crude extracts.
The scavenging effect of the solvent extracts tested at 50 lg/ml on
the DPPH radical decreased in the order of EtOAc > CH2Cl2 > n-hex-
ane, and were 69.7%, 53%, and 22.3%, respectively. The free-radical-
scavenging activities of EtOAc and CH2Cl2 fractions increased with
increasing concentration. However, the effects of EtOAc extracts at
higher concentration (0.1 mg/ml) reached a plateau (Fig. 1).
The results were found to be similar for the ABTS+ radical-scav-
enging activities of the crude solvent extracts. A signiﬁcant
(p = 0.05) decrease in the concentration of ABTS+ was observed
due to the scavenging ability of the EtOAc and CH2Cl2 extracts from
U. fasciata. An 82.6% radical-scavenging activity was apparent by
EtOAc extract at 0.1 mg/ml, whereas the CH2Cl2 extract exhibited
a 73.5% inhibition of activity at the same concentration. The n-hex-
ane extracts exhibited lowest radical-scavenging activity (28.1% at
0.1 mg/ml; Fig. 1). Based on the data obtained from this study,
EtOAc extract was found to be the most powerful free radical scav-
enger, which was further fractionated chromatographically to pur-
ify the active antioxidant compounds as illustrated in the following
section.
3.2. Chromatographic puriﬁcation and spectral analyses of sesquiterpe-
noid derivatives from Ulva fasciata
Chromatographic separation led to the isolation of ﬁve ses-
quiterpenoids (1–5) viz., 2,5,5-trimethyl-4-(40-methyl-30-pente-
nyl)-2-cyclohexen-1-ol (1) (1.4  103% dw), 4-isopentyl-3,
4,5,5-tetramethyl-2-cyclohexen-1-ol (2) (1.7  103% dw), and
4-isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (3) (0.8 
103% dw), 6-isopentyl-1, 5, 5, 6-tetramethyl-1-cyclohexene (4)
(1.1  103% dw), and 3,4,5,5-tetramethyl-4-(30-oxopentyl)-2-
cyclohexen-1-one (5) (2.0  103% dw) (Tables 1A and 1B). The
molecular structures of the puriﬁed compounds were proposed
on the basis of comprehensive analysis of the 1H NMR, 13C
NMR, including 2D-NMR experiments (1H–1H–COSY, HMQC,
HMBC, and NOESY), and mass spectra.
3.2.1. 2,5,5-Trimethyl-4-(40-methyl-30-pentenyl)-2-cyclohexen-1-ol
(1)
Compound 1 was isolated as yellowish oil upon repeated col-
umn chromatography using silica gel as adsorbent. Its mass spec-
trum exhibited a molecular ion peak at m/z 222, which in
combination with its 1H and 13C NMR data (Table 1A) led to the
molecular formula C15H26O, with three degrees of unsaturation.
HRMS analysis furnished the molecular weight as 222.3672. The
IR spectrum exhibited absorption bands corresponding to hydroxyl
groups (3040 cm1) and oleﬁnic system (1461 cm1, 1035 cm1,
820 cm1). The 1H NMR spectrum indicated the presence of three
methyl singlets (d 1.65, d 1.59, and d 1.62 assigned as H3-100, H3-
400, and H-50, respectively), two oleﬁnic (d 5.33, d; d 4.96, t), and
one aliphatic methine signal (d 3.89, t) (Table 1A). The downﬁeld
shift of oleﬁnic methine at d 5.33 indicated its vicinity to a electro-
negative group. The aliphatic methine singlet at d 3.89 assigned to
be vicinal to the carbon atom attached with the electronegative hy-
droxyl group (d 2.30, bs). D2O exchange apparently conﬁrmed the
hydroxyl signal at d 2.30. The downﬁeld appearance of the ali-
phatic methylene signals at d 1.53 (m) and d 1.76 (d, J = 6.8 Hz)
indicated their close vicinity to a electronegative group (Table
1A). The multiplicity of carbon atoms was determined using 13C
NMR including DEPT experiments, which revealed the presence
of ﬁve methyl groups, three methylene groups, three methine
groups and three quaternary carbons, indicating the presence of
26 hydrogen atoms connected to ﬁfteen carbon atoms consistent
with a sesquiterpene skeleton (Fig. 2A). The 13C NMR spectrum
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Fig. 2. 2D-NMR correlations of the puriﬁed sesquiterpenoids. (A) 2D-NMR correlations of 2,5,5-trimethyl-4-(40-methyl-30-pentenyl)-2-cyclohexen-1-ol (1). I: Key 1H–1H–
COSY couplings (bold face bonds); II: HMBC couplings; III: Key NOESY correlations. (B) 2D-NMR correlations as observed in 4-isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-
ol (2). I: Key 1H–1H–COSY couplings (bold face bonds); II: Key HMBC couplings (single barbed arrows); (C) Comparison of key NOESY correlations (indicated as arrows)
between compounds 2 and 3. I: The hydroxyl group in 2 is equatorial resulting in long range coupling of b-H at C-6 with CH3 at 3rd carbon of the alicyclic ring. II: In compound
3, the axially oriented a-H atom was found to exhibit NOE couplings with C-6 hydrogen and side chain protons. (D) 2D-NMR correlations as observed in 6-isopentyl-1,5,5,6-
tetramethyl-1-cyclohexene (4). I: Key HMBC couplings (single barbed arrows). II: Key NOESY correlations (double barbed arrows). (E) 2D-NMR correlations in 3,4,5,5-
tetramethyl-4-(30-oxopentyl)-2-cyclohexen-1-one (5). I: Key HMBC couplings (single barbed arrows). II: Key NOESY correlations (double barbed arrows).
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K. Chakraborty, R. Paulraj / Food Chemistry 122 (2010) 31–41 37displayed signals characteristic of double bond at d 124.7 and d
130.7, assigned as C-30 and C-40, respectively, and also at d 132.4
(assigned to be C-2) and d 126.1 (assigned to be C-3). The down-
ﬁeld shift of the methine signal at d 70.2 (CH) indicated its vicinity
to an electronegative group. This indicates that the carbon may be
linked to an a-OH resulting in resonance at slightly downﬁeld. The
connectivity within the molecule was established by interpretation
of the 1H–1H–COSY and HMBC spectra. In 1H–1H–COSY spectrum,
several key couplings indicating a sesquiterpene skeleton was
apparent (Bombarda et al., 2001; Faraldos, Wu, Chappell, & Coates,
2007). In the HMBC spectrum, key couplings were observed that
substantiated the connectivity found in 1H–1H–COSY (Fig. 2A).
Two of the methyl groups at d 18.7 (assigned to be C-400) and d
25.3 (assigned to be C-50) were found to correlate with each other,
as well as with protons at d 1.86 (at C-20) as evident from the HMBC
spectrum (Fig. 2A). The methyl singlets at d 1.59 and d 1.62, and the
methine (at d 4.96) were coupled to the oleﬁnic quaternary carbon
at d 130.7 (assigned to be as C-40); suggesting that these two
methyl groups were geminal and connected to C-40, which in turn
was found to be connected to an oleﬁnic methine carbon (assigned
to be as C-30). The carbon atom at d 130.7 (assigned to be as C-40)
exhibited HMBC coupling to d 1.86 (assigned to be as H-20) that in
the 1H–1H–COSY showed coupling to d 1.21 (t) as well as to d 4.96
(t) assigned to be as H-30 (Fig. 2A). The protons at d 1.33 (dd) were
found to exhibit strong 1H–1H–COSY coupling with the proton at d
1.82 (t), and also with the proton at d 4.96 (t), which indicate the
presence of a propylenic moiety. The HMQC, 1H–1H–COSY, and
HMBC couplings apparently constitute the 2-methylhex-2-ene
moiety of 1. The methyl at H3-100 (d 1.65, s) was found to be coupled
to each of oleﬁnic quaternary (d 132.4) and methine carbons (d
126.1) as evident from the HMBC spectrum (Fig. 2A). The quater-
nary carbon at d 30.9 exhibited coupling to oleﬁnic methyl singlet
at d 1.65 (H3-100), which itself exhibited coupling to d 132.4 and d
126.1. The proton at d 3.89 (t) exhibited 1H–1H–COSY correlations
with proton at d 1.76 (d). HMBC correlations between d 1.65 (s)/d
132.4 (C)/d 30.9 (C), d 1.05 (s)/d 30.9 (C), d 1.09 (s)/d 30.9 (C), and
d 1.05 (s)/d 26.4 (CH3) assigned the positions of methyl groups in
an oleﬁnic ring skeleton. Two of the primary methyl groups at d
26.4 (C-200 and C-300) were found to be geminal as indicated by cou-
plings between the two groups in the HMBC spectrum (Fig. 2). The
signal at d 70.2 was assigned to be a tertiary carbon bonded to a
hydroxyl group. The position of the hydroxyl group at C-1 (d
2.30, bs) was conﬁrmed by the HMBC correlations of the protons.
The tertiary alcohol also deduced to be at C-1 as observed from
the couplings between d 70.2 (C-1), the methylene protons at d
1.53 (C-6), and the oleﬁnic methine proton at d 126.1 (C-3). The tri-
methyl cyclohexenol moiety was assigned based on the HMQC and
HMBC correlations of the carbon and proton atoms. The relative
stereochemistries of the chiral centers were deduced from the
NOESY spectrum and J-values. Signiﬁcant NOE correlations were
apparent between d 3.89 (H-1)/ d 1.82 (H-4) indicating that H-1
and H-4 are on the same side of 1. The axial conﬁguration of H-1
and H-4 were indicated from their coupling constant (J = 6.8 Hz).
NOE correlations were apparent between d 2.30 (1a-OH)/d 1.21
(Ha-10)/d 1.53 (Ha-6) that indicate their close proximity and a-dis-
position. NOE correlations between d 5.33 (H-3)/d 3.89 (H-1)/d 1.05
(H3-200), and d 1.82 (H-4)/d 3.89 (H-1) indicated the close proximity
of these groups and their b-disposition. The spectral interpreta-
tions infer the planar structure of 1 as 2,5,5-trimethyl-4-(40-
methyl-30-pentenyl)-2-cyclohexen-1-ol.
3.2.2. 4-Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (2)
Compound 2, which was isolated as a yellow oil has the molec-
ular formula C15H28O, and molecular weight of 224.3845, as shown
by HRMS analysis. The 1H NMR spectra revealed the signals of ole-
ﬁnic double bond (d 5.31, d), and a hydroxyl function (d 4.21, bs).The hydroxyl group was further conﬁrmed by D2O-exchange reac-
tions. The presence of six methyl signals along with three each of
methylene and methine protons in the 1H NMR spectra were con-
sistent with a sesquiterpene skeleton (Bombarda et al., 2001),
which was further supported by 13C NMR-DEPT data (Table 1A).
The downﬁeld shift of the oleﬁnic methine group at d 5.31 (d) indi-
cated its close vicinity to the hydroxyl group. The methine proton
at d 3.89 (dd) and aliphatic methylene protons at d 1.52 and d 1.73
observed downﬁeld shift apparently due to their vicinity towards a
hydroxyl group. The 13C NMR spectrum exhibited signals typical of
oleﬁnic double bond at d 123.8 (CH) and d 140.2 (C). The methine
signal at d 68.4 and methylene signal at d 44.3 indicated their vicin-
ity to an electronegative group. It is apparent that the carbon
linked to a-OH usually exhibits the NMR resonance at lower mag-
netic ﬁeld than the b-OH principally because of inductive effect. All
protonated carbons and their protons were matched precisely by
1H–1H–COSY and HMQC experiments, and comparison with litera-
ture data (Bombarda et al., 2001). Diagnostic 1H–1H–COSY correla-
tions were apparent between the proton at d 3.89 (assigned as
carbinolic proton), and both the oleﬁnic proton (at d 5.31) and
the methylene protons (d 1.52, 1.73) (Fig. 2B). The multiplicity
and downﬁeld shift of the aliphatic methine proton at d 1.41 (h)
and its 1H–1H–COSY correlation with the magnetically equivalent
methyl protons at d 1.03 (d) indicated the presence of an isopropyl
group in 2. 1H–1H–COSY correlations were apparent between d
1.03 (d) and d 1.41 (h) (assigned as isopropyl methine proton) that
in turn exhibited correlations with methylenic protons at d 1.18
(m) and d 1.14 (d). HMQC correlations between primary carbon
at d 2.31 and tertiary carbon atom at d 30.5 also indicated the iso-
propyl moiety in 2. The latter was found to exhibit HMQC correla-
tion with the secondary carbons (at d 35.6 and d 28.2) thus
indicating the presence of an isobutyl moiety in 2. The HMBC spec-
trum exhibited correlations between d 68.4 with oleﬁnic methine
proton at d 5.31 (d) and methylene protons at d 1.52 (d) and d
1.73 (d) (Fig. 2B). HMBC correlations were also apparent between
quaternary carbon atom at d 52.9 and methyl protons at d 0.86
(s). The HMBC long-range correlations were observed between
methyl carbon d 21.9 and methyl protons at d 0.86. The methyl
protons exhibited HMBC correlation with the quaternary carbon
atom at d 57.1, and methine carbon at d 52.9, which in turn corre-
lated with methylene protons at d 0.94 (t) and d 1.14 (d). These cor-
relations along with HMQC experiment indicated that there are
geminal dimethyl groups at C-5 position, and are the parts of the
ring skeleton having an oleﬁnic moiety. The HMBC correlations
were apparent between methine carbon atom at d 30.5 and methyl
protons at d 1.03 (d). The former (d 30.5) also exhibits HMBC cor-
relation with methylene protons at d 1.18 (m) and d 1.14 (d), which
indicate the presence of isobutyl moiety in 2. The best strategy for
the determination of relative stereochemistry by NMR spectros-
copy is to rely on H-H coupling constants that provide information
on NOE-derived spatial relationships. The large value to the cou-
pling constant (J = 7.5 Hz) observed for Hb-6 indicated its axial po-
sition. In the NOE spectrum, a strong correlation between Hb-6 (d
1.73) and Hb-1 (d 3.89)/H3-200 (d 1.08) was observed, positioning
the C-4 methyl group at the axial position. A strong NOE between
H3-300 (d 0.86)/Ha-10 (d 0.94) was in agreement with the methyl and
methylene groups being in the equatorial position (Fig. 2C). A diag-
nostic positive NOE effect was observed between d 1.52 (d,
J = 5.6 Hz) and d 0.86, indicating that both Ha-6 and H3-300 were
in similar orientation (Fig. 2C). The relative stereochemistries of
the methyl groups at C-3 and C-4 were suggested to be cis by com-
parison of the 13C chemical shift of H3-10 (d 15.6), and H3-200 (d
25.2). The b-conﬁguration of the methyl protons at d 1.08 (H3-200)
at C-4 was deduced from the NOE correlations between H-1 (d
3.89) and H3-200 (d 1.08). This results conﬁrmed that hydroxyl
group at C-1 (d 4.21) is a-oriented and equatorially disposed.
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ferred that they were equatorially oriented (Fig. 2C). The –Hb group
at C-1 exhibited a downﬁeld shift (d 3.89) apparently because of
the vicinal hydroxyl group. All proton and carbon assignments
were reported in Table 1A, which were in conformity with 4-iso-
pentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (2).
3.2.3. 4-Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol (3)
The IR spectrum of 3 revealed prominent absorption band at
mmax 3500 cm1, attributed to hydroxyl functionality. Its mass
spectrum exhibited a molecular ion peak atm/z 224, which in com-
bination with 1H and 13C NMR data led to the molecular formula of
C15H28O with two double bond equivalents. HRMS analysis re-
vealed the molecular weight as 224.3836. The 1H spectra indicated
the presence of six methyl groups and one double bond (dH 4.92, d).
The DEPT-13C NMR spectrum exhibited signals for all the 15 car-
bons (Table 1A). The downﬁeld shift of the methine carbon (dC
64.1) indicated its vicinity to an electronegative group. However,
the chemical shift of –CH carbon apparently linked to an –OH
group was recorded at slightly upﬁeld (dC 64.1) as compared to that
in 2 (dC 68.4). This can be explained by the fact that the carbon
(C-1) linked to a-OH (as in 2) usually exhibits NMR resonance at
slightly lower magnetic ﬁeld than b-OH, primarily due to inductive
effect. Other signals are similar to those of 2, and therefore indi-
cated their structural similarity. The 1H–1H–COSY correlations be-
tween H-1 (d 3.92) with H-2 (d 4.92) and H2-6 (d Ha = 1.50, d
Hb = 1.52) indicated that the carbinolic carbon was linked with
the oleﬁnic carbon atom. HMBC long-range correlations between
H-2 (d 4.92) with C-2 (d 123.6), C-3 (dC 140.7), and C-5 (d 56.5);
H3-200 (d 0.81) with C-4 (dC 51.3) and C-3 (d 140.7); H-1 (dH 3.92)
with C-1 (dC 64.1) and C-6 (dC 43.7) suggested the methyl-substi-
tuted cyclohexene ring skeleton as in 2. A pronounced NOESY cor-
relation between –OH group (d 4.08) and H3-200 (d 0.81) was
consistent with their cis orientation on the top face of the mole-
cule. Pronounced NOE correlations were apparent between H-1
(d 3.92) with Ha-10 (d 0.98) and H3-500 (d 1.05), which in turn was
found to correlate with H2-20 (d 1.16). These results indicated the
cis-orientation of these groups at the down face of 3. Other NOE
correlations are comparable with that of 2, the only difference
being the –OH group is b-oriented, and exhibited NOE correlation
with H3-20 unlike 2, where the –OH group is a-oriented and does
not show correlation with H3-20. Comparison of NOE correlation
between 2 and 3 concluded that the hydroxyl group in 2 is equa-
torially oriented resulting in long range NOE-couplings of Hb- at
C-1 with the –CH3 group located at C-4 of the alicyclic ring. In 3,
the axially oriented Ha atom at C-4 was found to exhibit NOE-cou-
plings with C-1 hydrogen atom and side chain aliphatic protons.
Analysis of carbon values of the cyclohexene ring of both com-
pounds further supported this suggestion. Based upon these inter-
pretations, the compound was deduced to be as 4-isopentyl-
3,4,5,5-tetramethyl-2-cyclohexen-1-ol (3).
3.2.4. 6-Isopentyl-1,5,5,6-tetramethyl-1-cyclohexene (4)
The 1H NMR spectrum of 6-isopentyl-1,5,5,6-tetramethyl-1-
cyclohexene (4) showed that the singlet methyl at C-200 (d 25.4)
was positioned at the ring junction like 2 and 3. Assignment of dif-
ferent resonant peaks to the respective carbon atoms are presented
in Table 1B. The other spectral assignments are similar to that of 3
excepting the upﬁeld shift of C-3 and C-4 protons apparently due
to the absence of any electronegative moiety (-OH group)
(Fig. 2D). The key HMBC and NOE correlations of 4 have been illus-
trated in Fig. 2D.
3.2.5. 3,4,5,5-tetramethyl-4-(30-oxopentyl)-2-cyclohexen-1-one (5)
Compound 5, which was isolated as a yellowish oil, has the
molecular weight of 236.3509, and molecular formula ofC15H24O2 as determined by the analysis of HRMS and NMR spectral
data. A conjugated a,b-unsaturated carbonyl system was apparent
from the UV-spectra. The presence of the carbonyl group was
established by a strong absorption band in IR spectrometry
(1715 cm1) and 13C NMR spectrum (Table 1B). The downﬁeld shift
of the protons at d 2.30 (d) and d 2.48 (d) indicated the presence of
an electronegative group (>C@O) in their close vicinity. The meth-
ylene carbons exhibited downﬁeld shifts, thereby further indicat-
ing the presence of a C@O group adjacent to the carbon atom
holding the downﬁeld protons. The multiplicity and downﬁeld
shift of the protons at d 1.98 (t) and d 2.42 (q) indicated the ethyl
functionality attached with a carbonyl group. This was supported
by the downﬁeld shift of the secondary carbon atom at d 36.3 (–
CH2–) in 13C NMR spectrum. The 13C NMR spectra exhibited signals
of two carbonyl groups (d 196.2 and 209.8) and oleﬁnic double
bond (d 152.4 and 120.6).
The nuclear structure of cyclohexenone in 5was deduced based
on the data in published literature (Guo et al., 2009; Rezanka, Dem-
bitsky, & Hanus, 2003; Taylor & Jacobsen, 2006). The methylene
carbon atom at d 38.4 (CH2) exhibited downﬁeld shift, apparently
due to the carbonyl group at d 209.8. HMQC correlations between
d 7.3 (CH3)/d 2.42 (q), d 36.3 (CH2)/d 1.98 (t), d 209.8 (C@O)/d 2.42
(q), d 209.8 (C@O)/d 2.12 (t), d 38.4 (CH2)/d 1.20 (t), and d 23.5
(CH2)/d 2.12 (t) indicated the presence of a 3-pentanone moiety
in 5. 1H–1H–COSY correlations were apparent between d 1.20 (t)
and d 2.12 (t). A very strong HMBC correlation between d 196.2 (as-
signed as C@O group) and the carbon atom at d 5.69 (s) indicated
their adjacent position. Correlations between d 1.79 (assigned to
be as H3-100), H-2, and Ha-6 with d 196.2 (>C@O) as in the HMBC
spectrum led to the assignment of the ketone to C-1 (Fig. 2E).
HMQC correlations between d 196.2 (C@O)/d 5.69 (oleﬁnic)/d
2.48 (s) indicated the presence of a –CH–(C@O)–CH2– group in 5
(Fig. 2E). This was further supported by the HMQC spectrumwhere
strong correlations were apparent between carbon at d 120.6 (CH),
carbonyl group at d 196.2, and secondary carbon at d 48.7 with d
2.48 (d) and d 5.69 (s). These observations indicated the presence
of @CH–C (@O)–CH2– moiety. HMQC correlations were also appar-
ent between the carbon atoms at d 152.4/d 5.69 (s), d 53.2 (C)/d
1.20 (t), and d 56.2 (C)/ d 2.48 (d). In general, the secondary carbon
appears between d 20 and 30 ppm when electronegative groups
are not either linked to it or present in the vicinity. However, in
the present case though the C-6 carbon atom is not directly linked
with oxygen atom in compound 5, it dwells in a close vicinity to
the >C@O group, and therefore exhibited a slight downﬁeld shift
(d 48.7) as compared to the reference secondary carbon atom (d
20–30). The H-6 methylene protons are ‘‘pseudo-homotopic” and
attached with one parent carbon atom (i.e., geminal protons), and
therefore ideally the protons should exhibit only one chemical shift
value. However, since one of the protons (6H-b) shares the identi-
cal plane with that of the carbonyl (>C@O), the same exhibits
downﬁeld shift (d 2.48 ppm) relative to the other (6-Ha, d
2.30 ppm). The presence of a cyclohexenone moiety was thus de-
duced based upon these observations and data in published litera-
ture (Guo et al., 2009; Taylor & Jacobsen, 2006). Since the HMBC
spectrum exhibited correlations between d 2.48, d 5.69, d 1.88 to
the carbon atom at d 56.2 (C), it was assigned to be as C-5 carrying
the geminal dimethyl groups. HMQC correlations were apparent
between d 1.88 (s) and quaternary carbon atom at d 53.2 (C), which
in turn exhibited correlation with d 1.20 (t) and d 1.36 (d). HMBC
correlations between d 1.88 (s) and quaternary and secondary car-
bons at d 53.2 (C) and d 23.5 (CH), respectively, indicated that the
side chain containing 3-pentanone moiety was linked with the
quaternary carbon atom at d 53.2 (Fig. 2E). The strong correlation
of protons at d 1.12 (s) with protons at d 1.88 (s) and d 2.48 (d)
in the NOESY spectrum provided evidence for the b-conﬁguration
of these protons (Fig. 2E). Based upon these interpretations and
Table 2
In vitro antioxidant activity of isolated compounds (1–5) from Ulva fasciata.
Compound number Compound name DPPH radical-scavenging activity (IC50, mM)c
1 2,5,5-Trimethyl-4-(4-methylpent-3-enyl)-2-cyclohexen-1-ol 13.74 ± 1.38
2 4- Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol 23.60 ± 1.15
3 4-Isopentyl-3,4,5,5-tetramethyl-2-cyclohexen-1-ol 20.83 ± 0.92
4 6-Isopentyl-1,5,5,6-tetramethyl-1-cyclohexene 80.56 ± 2.43
5 3,4,5,5-Tetramethyl-4-(3-oxopentyl)-2-cyclohexene-1-one 10.24 ± 0.98
Controls Gallic acida 4.50 ± 0.31
BHTa 11.93 ± 0.57
Cinnamic acidb 96.35 ± 1.82
LSD (p = 0.05) 1.09
a Gallic acid and BHT were used as positive controls.
b Cinnamic acid was used as negative control.
c IC50 (mM) values were calculated from regression lines using different concentrations as detailed in Materials section. Values were expressed as means of three replicate
determinations ± standard deviation.
K. Chakraborty, R. Paulraj / Food Chemistry 122 (2010) 31–41 39comparison of data in the published literature the compound was
deduced to be 3,4,5,5-tetramethyl-4-(30-oxopentyl)-2-cyclohexen-
1-one (5).0
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Fig. 3. ABTS+ radical cation-scavenging activities of 1–5 isolated from Ulva fasciata
(A) ABTS+ scavenging activity of 1–5. ABTS radical-scavenging activity was
indicated as% inhibition. Each point represents mean ± S.E. of three separate
experiments. (B) Time course of ABTS+ scavenging in the presence of puriﬁed
compounds (50 lM) relative to Trolox (a-tocopherol analogue).3.3. Free radical-scavenging activity of the puriﬁed compounds against
DPPH radical
Antioxidants are deﬁned as substances that when present at
low concentrations, in relation to oxidisable substrates, inhibit oxi-
dative processes, being oxidised themselves. The antioxidant activ-
ity (in terms of radical-scavenging capacity) of different
sesquiterpenoids (1–5), as well as positive (BHT and gallic acid)
and negative controls (cinnamic acid), were measured by monitor-
ing the scavenging of the free radical DPPH. The DPPH radical is
considered to be a model of a lipophilic radical in this study. In
the presence of an antioxidant, this can donate an electron to DPPH
radical, the purple colour typical of free DPPH radical decay (Fayaz
et al., 2005). Thereafter the DPPH radical receives a proton from the
antioxidant and becomes a protonated DPPH species. The change
in absorbance at 517 nm is followed spectrophotometrically (Wu,
Ho, Shieh, & Lu, 2005).
Antioxidant activities of the compounds were tested bymeasur-
ing the IC50 values are summarised in Table 1A. The order of radi-
cal-scavenging ability of the test compounds was as follows:
5 > 1 > 2 > 3 > 4. Compounds 5 and 1 exhibited effective antioxi-
dant scavenging activity against DPPH radicals with IC50 values
of 10.2 and 13.7 mM, respectively; gallic acid (IC50 = 4.5 mM) and
BHT (IC50 = 11.9 mM) were used as positive controls. The radical-
scavenging activity of 5 was that of BHT, a well-established syn-
thetic antioxidant. Compound 5, with two carbonyl groups and
one oleﬁnic group, exhibited the highest radical-scavenging capac-
ity (IC50 = 10.2 mM), while 1 with only one –OH group showed a
slightly weaker scavenging capacity (IC50 = 13.7 mM) (Table 2).
Though 1 and 2 possessed equatorially oriented free hydroxyl
groups, the bioactivity of the latter was found to be less, due to
the extended oleﬁnic side chain (2-methyl-2-pentene) in the for-
mer resulting in favourable interaction. Compound 3 has lower
activity (IC50 = 20.8 mM) compared to that of 2 (IC50 = 23.6 mM)
due to the fact that 3 has an a-oriented C-1 hydroxyl group in
the 3,4,5,5-tetramethyl-2-cyclohex-2-en-l-ol moiety as compared
to the unfavourable b-orientation in 2, resulting in lowering in
activity in the latter. Though structurally similar, 1 exhibited high-
er activity than compound 2 due to the presence of a –CH3 group at
C-2 position of the ring, which by virtue of its +I-effect increases
electron density on carbinolic oxygen atom thus increasing the
chance of electron release from the molecule. The +I-effect of a pro-
ton (at C-2 position of 2) is lower than that of a –CH3 group, result-
ing in lower electron density on C-1OH atom and lower e- and H+-
releasing capacity. The –CH3 group at C-3 position of the ring has alower effect in increasing electron density on C-1OH atom as evi-
dent by the lower activity of 2 and 3 having –CH3 group at C-3 po-
sition. These results indicated that the antioxidant activities
appeared to be related to the number of protons available for dona-
tion by hydroxyl groups. This is further supported by the fact that
non-hydroxylated sesquiterpene (4) exhibited the lowest activity
(IC50 = 80.5 mM) among all the test molecules.3.4. Determination of free-radical-scavenging activity by ABTS method
The antioxidant activities determined by the ABTS radical ion
assay correlated highly with that of the DPPH radical assay. The
40 K. Chakraborty, R. Paulraj / Food Chemistry 122 (2010) 31–41ABTS scavenging activities of 1 and 3 were found to be about 1.4
and 1.3-fold higher than that of Trolox (Fig. 3A). However, the
radical-scavenging activity of 1 was found to be weaker than that
of 5. Compound 5 exhibited 78 ± 1.9% ABTS+ radical-scavenging
activity tested at 50 lM, with 66.8 ± 1.5% scavenging activity by
1 at the same concentration (Fig. 3A). The scavenging effect of
the compounds decreased with the order: 5 > 1 3 > 2 4
(Fig. 3A). The radical-scavenging effect was found to decrease
with decreasing concentration. For example, a 59.2 ± 1.1% radi-
cal-scavenging effect was apparent by 1 at 40 lM, whereas
50.3 ± 1.6% inhibition of activity was recorded at 30 lM concen-
tration (Fig. 3A). The compound without any hydroxyl group (4)
exhibited the lowest ABTS+ radical-scavenging activity
(12.8 ± 2.9% at 50 lM), apparently due to a lack of hydrogen-
donating ability. ABTS radical ion assay involves the oxidation
of ABTS, a non-phenolic heterocyclic compound, to a coloured
radical cation, ABTS+ in the presence of free radicals (Re et al.,
1999). The antioxidant activity of the molecules is based on the
inhibition of ABTS+ (Re et al., 1999). Fig. 3B shows the time
course of the radical-scavenging reactions of test compounds at
a concentration of 50 lM. The interaction between ABTS and Trol-
ox, the water-soluble a-tocopherol derivative ﬁnished within
4 min, and no signiﬁcant radical-scavenging activities of Trolox
were apparent. The reaction of 4 with ABTS was rather slow in
comparison to Trolox, and reached a plateau at approximately
4 min after the initiation of the reaction (Fig. 3B). However, com-
pounds 5 and 1 exhibited 68.5 ± 1.6%, and 55.9 ± 1.9% ABTS+ rad-
ical-scavenging activities after 4 min of incubation, and 71.4 ±
1.5% and 59 ± 1.7% inhibition of activities after 8 min of incuba-
tion. These scavenging activities were found to signiﬁcantly high-
er (p = 0.05) than that of Trolox (44.1 ± 1.5% ABTS radical-
scavenging activity after 8 min of incubation).4. Conclusions
Antioxidant activities of three different solvent extracts of Ulva
fasciata Delile were evaluated in vitro using DPPH and ABTS assays.
The scavenging effect of solvent extracts on the DPPH radical de-
creased in the order of EtOAc > CH2Cl2 > n-hexane. The results were
found to be similar when tested with ABTS. An 82.6 ± 3.7% radical-
scavenging activity was observed for an EtOAc extract at 0.1 mg/
ml. EtOAc extract was found to be the most effective free radical
scavenger, which was fractionated chromatographically to yield
ﬁve sesquiterpenoids (1–5) viz., 2,5,5-trimethyl-4-(40-methyl-3
0-pentenyl)-2-cyclohexen-1-ol (1), 4-isopentyl-3,4,5,5-tetra-
methyl-2-cyclohexen-1-ol (2), and 4-isopentyl-3,4,5,5-tetramethyl
-2-cyclohexen-1-ol (3), 6-isopentyl-1,5,5,-tetramethyl-1-cyclohex-
ene (4), and 3,4,5,5-tetramethyl-4-(30-oxopentyl)-2-cyclohexen-1-
one (5). The structures of the sesquiterpenoids, as well as their
relative stereochemistries, were established by means of spectral
data analyses, including 2D-NMR experiments. The scavenging ef-
fect of the puriﬁed compounds decreased with the order:
5 > 1 3 > 2 4. Compounds 5 and 1 exhibited effective scaveng-
ing activity against DPPH radicals with IC50 values of 10.2 and
13.7 mM, respectively. Compound 5 with two carbonyl groups
exhibited the highest radical-scavenging capacity (IC50 = 10.2 mM).
The ABTS scavenging activity of 5was found to signiﬁcantly higher
(71.4 ± 1.5%) than that of Trolox (44.1 ± 1.5% after 8 min of incuba-
tion), and therefore may be a candidate molecule in the food and
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